Anyonic excitations emerging from a Kitaev spin liquid can form a basis for quantum computers 1, 2 . Searching for such excitations motivated intense research on the honeycomb iridate materials [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, access to a spin liquid ground state has been hindered by magnetic ordering 5 . Cu 2 IrO 3 is a new honeycomb iridate without thermodynamic signatures of a long-range order 18 . Here, we use muon spin relaxation to uncover the magnetic ground state of Cu 2 IrO 3 . We find a two-component depolarization with slow and fast relaxation rates corresponding to distinct regions with dynamic and static magnetism, respectively. X-ray absorption spectroscopy and first principles calculations identify a mixed copper valence as the origin of this behavior. Our results suggest that a minority of Cu 2+ ions nucleate regions of static magnetism whereas the majority of Cu + /Ir 4+ on the honeycomb lattice give rise to a Kitaev spin liquid.
Long-range magnetic order is the natural ground state of an interacting electron system.
Magnetic frustration is capable of disrupting the order and establishing a highly entangled ground state with non-local excitations known as a quantum spin liquid 19 . Among various spin liquid proposals, the Kitaev model has unique appeal because it offers an exact solution to a simple Hamilto-
of spin-1/2 particles with bond dependent ferromagnetic coupling (K γ ) 1 . The index γ corresponds to three inequivalent bonds at 120
• on a honeycomb lattice. Two alkali iridates, Li 2 IrO 3 and Na 2 IrO 3 , were the first proposed Kitaev materials based on their honeycomb lattice structures that accommodate Ir 4+ ions with pseudospin-1/2 (J eff = 1/2) 3-5, 20-22 .
Despite satisfying the basic assumptions of a Kitaev model, both compounds exhibited antiferromagnetic ordering with sharp peaks in both DC-magnetization and heat capacity at 15 K 4, 9 .
Further investigations on the honeycomb 13, 14 , hyperhoneycomb 15, 16 , and harmonic honeycomb 17 materials revealed the presence of a Heisenberg interaction (J) and a symmetric off-diagonal interaction (Γ) in the modified Hamiltonian of Kitaev materials 23, 24 : In µSR, spin polarized positive muons are implanted in the sample, and the time evolution of the muon spin polarization in the local magnetic field is traced upon accumulating several million muon decay events. In Fig 1a, we show three muon polarization spectra in zero applied field (ZF) at 16, 4.5, and 0.05 K, and one spectrum at 16 K in a 50 Oe applied field parallel to the initial muon polarization (longitudinal field, or LF). The ZF spectra at all temperatures are described by tail leaks into the spectra in Fig. 1a to fit its contribution with a temperature independent relaxation rate λ fast = 9(3) µs −1 . A pulsed muon source is particularly suitable to characterize the slow mode with relaxtion rate λ slow = 0.48(1) µs −1 at 50 mK (Fig. 1b) which is 18 times slower than λ fast . Temperature dependences of λ slow and f are shown in Fig. 1b,c . The slow and fast modes grow rapidly below 10 K. This onset of magnetism correlates with the temperature at which the field-cooled (FC) and zero-field-cooled (ZFC) susceptibility curves deviate (Fig. 1d) . With further decreasing temperature, both λ slow and f form plateaus below T = 2 K (Fig. 1b,c) . The onset of a plateau in f coincides with a small peak in the ZFC susceptibility ( Fig. 1d ), suggesting the presence of frozen spins in a fraction of the sample volume.
Field dependence of µSR can be used to probe the dynamics of the slow and fast modes. Figure 1e shows that the application of a 1000 Oe LF restores the missing polarization from the fast relaxing muons, indicating the fast relaxation is caused by static local fields that are significantly less than 1000 Oe. In contrast, relaxation of the slow component appears to be due to dynamic rather than static local fields. Because λ slow λ fast , if the local fields were static for slow relaxing muons, we would expect the slow channel to also be suppressed by the 1000 Oe LF.
Indeed, if the slow relaxation were caused by a static field, the magnitude of that field would be approximated by B i = 2πλ slow /γ µ = 37 Oe 1000 Oe (γ µ /2π = 135. X-ray absorption near edge spectroscopy (XANES) is a powerful tool to probe oxidation states. Our XANES data in Fig 2b show identical normalized absorption coefficients µ(E) for Cu K-edge at 300 and 85 K confirming a temperature independent ratio Cu + /Cu 2+ (see Fig. S2 for Ir L 3 -edge). Figure 2c compares the Cu K-edge in Cu 2 IrO 3 at room temperature to Cu, CuO, and Cu 2 O. The close similarity with Cu 2 O indicates a majority of Cu + . We calculated µ(E) for the individual sites, Cu1 to Cu4, using the FEFF 8.40 code 29 based on the crystallographic data.
The results in Fig. 2d show that Cu1 has a spectrum different from Cu2,3,4 as expected from the 18 , it is conceivable to reproduce the experimental curve by adding the four partial contributions in Fig. 2d with equal weight (25%). The resulting curve in Fig. 2e shows a mild disagreement with the experimental data. Specifically, the contribution from Cu1 (nominally Cu 2+ )
appears to be overestimated. The experimental data can be more precisely fit to a weighted sum of partial µ(E) contributions as reported on Fig. 2f . According to this analysis, we estimate 8.5% Cu atoms which is characteristic of honeycomb ordering 30 . Therefore, despite a twinned stacking disorder, each individual layer in Cu 2 IrO 3 has perfect honeycomb ordering without site mixing or vacancies.
TEM is also used for electron energy loss spectroscopy (EELS) with the data presented in Fig. 3b . A comparison between the L 3 -edge in stannates and Cu 2 IrO 3 confirms that Cu 2 IrO 3 contains both Cu + and Cu 2+ whereas the stannates contain only Cu + . In the stannate materials, Cu atoms are restricted between the honeycomb layers in a dumbbell coordination 30 . Thus, all Cu 2+ in Cu 2 IrO 3 must be contained within the layers. Self-consistent DFT calculations in Fig. 3c reproduce the EELS spectra and confirm a single L 3 peak in stannates but two distinct peaks in
The emerging picture from our experimental and theoretical results is as follows. 18 .
Muon Spin Relaxation. µSR measurements were performed at the ISIS Pulsed Neutron and Muon Source at the Rutherford Appleton Laboratories (UK) using the EMU and MuSR spectrometers with the sample inside a dilution refrigerator and a helium exchange cryostat, respectively. The powder sample was pressed into a disk of 8 mm diameter and 1.9 mm thickness, and was wrapped in a 12.5 µm thin silver foil. Measurements in EMU were performed on a silver mounting pedestal The background signals for each spectrometer were fixed at the values determined from long-time asymmetry at low temperatures (40% of the total signal for EMU, 76% for MuSR), where the sample was strongly magnetic. The total asymmetry was fixed at the value determined from the initial asymmetry at high temperatures where the material had no fast relaxing component. The sample contribution to the asymmetry is the difference between these two values. Data were fit using WIMDA software (SI reference) and all fits had a χ 2 per degree of freedom of approximately were implemented in the pseudopotential VASP code (SI reference) using a projected augmented wave (PAW) method and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation potential (SI reference). The Hubbard correction was implemented using the Dudarev's scheme (SI reference)
with U eff = 3 eV for iridium 5d orbitals and 5 eV for copper 3d orbitals. The atomic positions were relaxed until forces were converged to 0.03 eV/Å. Simulations of the spectroscopic data were implemented in the full potential Wien2k code (SI reference) using a linearized augmented plane wave (LAPW) approach and PBE0 hybrid functional with on-site corrections to iridium 5d and copper 3d orbitals. Radius of muffin tin (RMT) was selected to be 1.46, 1.48, 1.50, 2.00, 2.00, 1.94 bohr for O, Li, Na, Ir, Sn, and Cu atoms and the basis size control parameter was RK max = 6.
Both structural relaxation and spectroscopic calculations were spin polarized and included spin orbit coupling (SOC).
